Detailed studies were carried out on the effects of nitrogen source, phosphate, sodium chloride, growth factors, precursors, C02, temperature, initial pH, and inoculum size on biomass and eicosapentaenoic acid (EPA) production by Phaeodactylum tricornutum. The EPA content of total fatty acids increased with increasing concentrations of nitrate and urea. Sodium chloride was not required for growth or EPA production. While vitamins B1 and B12 did not affect growth significantly, EPA yield was increased by 65% by B12 supplementation. Maximum EPA production occurred when the air gassing supply was supplemented with 1% CO2. Optimum culture temperature and initial pH for EPA production were 21.5 to 23°C and 7.6, respectively. EPA yields of up to 133 mg/liter of culture were observed. EPA constituted up to 30 to 40 % of total fatty acids.
Recognition of the effects of omega-3 fatty acids, eicosapentaenoic acid (EPA) and docohexaenoic acid (DHA), in human health resulting from the pioneering work of Dyerberg et al. (14) created the momentum for extensive nutritional and pharmacological studies on the effects of these substances in human physiology. Observed beneficial physiological effects suggest that omega-3 fatty acids have potenfatty acids are fish and fish oils, the acids originate in marine microorganisms upon which the fish feed (1, 43) . Supply of omega-3 fatty acids from fish is unlikely to meet future requirements and, in any case, separation of EPA from DHA in fish oils is difficult to achieve on a processing scale (15, 17) . Consequently, alternative sources of EPA and DHA are being sought, especially from algae (5, 30) . tial uses for prevention or treatment of medical disorders in three areas: heart and circulatory (13, 29) , inflammatory (24, 36) , and cancer (6, 34) . While many of the effects of omega-3 fatty acids were noted in animal or human subjects fed on diets of fish oils, which contain mixtures of EPA and DHA and other fatty acids, some evidence indicated that EPA and DHA have different physiological impacts (12, 37 (35) . The effect of nitrogen source on growth and fatty acid production by P. tricornutum was investigated with sodium nitrate, ammonium chloride, and urea as sole nitrogen sources in the medium of Mann and Myers (28) with and without inclusion of 1 g of Tris per liter. Nitrogen sources were incorporated into the medium at equimolar concentrations (11.8 mmol of nitrogen per liter). The results are presented in Table 1 . High biomass production was observed with urea or nitrate as nitrogen source. pH in ammonium-containing cultures tended to drop as a result of ammonium ion assimilation. The lower biomass values observed in media containing ammonia were attributed to the reduced pH. Assimilation of nitrate which is reduced to ammonium ion tended to cause the culture pH to rise. Incorporation of Tris into the medium provided a buffering effect against the tendencies of nitrate and ammonium to cause shifts in culture pH. In cultures containing nitrate or urea, 92 to 107 mg of EPA was produced per liter of culture broth, representing 29 to 32% of cellular total fatty acid content. The effects of nitrate concentration on fatty acid production and EPA synthesis by P. tricornutum are presented in Table 2 . Highest algal growth was observed at Table 4 . While phosphate concentration in this range had little effect on biomass production, optimal EPA levels were observed with phosphate levels of 0.1 to 0.5 g/liter (17.8 to 88.9 mg of phosphate per liter).
Sodium chloride concentrations ranging from the low levels observed in fresh water to those occurring in seawater were incorporated into the culture medium to test the effect on growth and fatty acid production (Table 5) . While a slight decrease in biomass production was noted with increasing sodium chloride concentration, EPA level as a percentage of total cellular fatty acids and per unit volume of culture broth was substantially reduced at salt concentrations above 5 g/liter.
The effect of other medium components on patterns of growth and fatty acid production were also investigated. Oleic acid was incorporated into the culture medium as a possible precursor for synthesis of highly unsaturated fatty acids. The effects of oleic acid concentration on growth and cell fatty acid composition are summarized in Table 8 . Oleic acids at concentrations of 2 g/liter were found to inhibit cell growth and synthesis of EPA.
The effect of culture gassing with carbon dioxide was investigated by supplementation of air with CO2 in the range of 0 to 15% (vol/vol). The results are presented in Table 9 . C02, apart from having any other physiological effect on the cells, caused a variation in culture pH. Maximum biomass and EPA production per unit volume of culture was ob- The effect of temperature on production of biomass and EPA is illustrated in Fig. 1 . Highest biomass and EPA production was observed at temperatures of 21.5 to 23°C.
The effect of initial pH on growth and fatty acid production were investigated, and the results are presented in Table  10 . Good growth was observed in cultures having initial pH values of between 6.4 and 8.4, and EPA content in cells from these cultures ranged from 28.7 to 34.2 mg/g of dried cells. Optimum EPA production per unit volume of cell culture occurred when the initial pH was 7.6.
The relationship between inoculum size and biomass yield and fatty acid profiles were determined after a 7-day incubation. The inoculum size was varied to produce cultures having initial optical densities at 600 nm (1-cm light path) ranging from 0.1 to 2.0. While the increases in biomass dry weight with increased inoculum size were to be expected, the patterns of fatty acid production reveal interesting trends (Fig. 2) . Total fatty acid and EPA contents per gram of dried cells from the culture with the highest inoculum were 55 and 114% higher, respectively, than the corresponding values for cells from the culture broth with the lowest inoculum.
DISCUSSION
Nitrogen content of the medium has been reported to affect the proportion of saturated to unsaturated fatty acids in many microorganisms. Under nitrogen stress, Botryococcus braunii, Dunaliella bardawil, and Dunaliella salina produced a higher percentage of EPA (3). In contrast, the proportion of polyunsaturated fatty acids in the freshwater algae Scenedesmus and Chlorella increased at high nitrogen concentrations (33) , which is consistent with our studies. It was noted that the lipid content of P. tricornutum increased at low or limiting nitrogen levels (19, 27, 42) . The phosphorus requirements for optimal growth differ considerably from species to species. Studies on the optimal phosphate concentrations for the growth of diatoms and green algae under defined laboratory conditions revealed that concentrations below 50 pLg of P per liter were limiting, those of about 20 mg/liter were inhibitory, and 0.1 to 2 mg/liter was optimum (9).
Seto et al. (38) showed that Chlorella minutissima, a marine alga, had maximum cell growth in media containing 0.2% NaCI and slightly lower extractable lipid, but a higher percentage of total fatty acid. As with P. tricornutum, the fatty acid composition was significantly affected by NaCl concentrations. As the concentration of NaCI in the medium increased (from 0 to 1%), the percentage of EPA of the cells increased.
Specific vitamin requirements are common among diatoms for vitamin B12 (16) and less common for thiamine (26) . As was observed with P. tricornutum UTEX 640, the marine species of P. tricornutum was found to synthesize B12 and B1 (8) .
Silicate deprivation in cultures of the diatom Cyclotella cryptica yielded slightly increased total lipid contents but suppressed biosynthesis of polyunsaturated fatty acids (39) . In comparison with other diatoms, P. tricornutum is weakly silicified and enough silicon dissolved from glass vessels in alkaline culture media fulfils its meager requirements (27) .
The reduction in EPA content as a proportion of total fatty acids in media containing increasing oleic acid concentrations is primarily attributed to the cells' increased content of 16:0 and 16:1 fatty acids. Media containing free fatty acids have been reported to suppress biosynthesis of other fatty acids of microorganisms (25) . However, addition of oleic, linoleic, or linolenic acid to cultures of Euglena gracilis enhanced production of polyunsaturated fatty acids, especially arachidonic acid and EPA (31) . The increased lipid content of P. tricornutum cells observed when the CO2 concentration was raised in the air supply has been noted with autotrophically grown cells of Chlorella fusea (11) .
Psychrophilic microorganisms with optimum growth temperatures below 20°C generally contain more highly unsatu- rated fatty acids than mesophiles, and thermophiles contain negligible amounts of polyunsaturated fatty acids (22, 41) . Increased synthesis of unsaturated fatty acids at lower temperatures has been observed not only in eucaryotic algae (2, 32, 38) , but also in bacteria (10, 22) and blue-green algae (20, 23) , yeasts (7) , and fungi (18, 40, 41) . Seto et al. (38) observed that Chlorella minutissima only produced large amounts of EPA when incubated at low temperatures and suggested that the enzyme activities involved in desaturation and chain elongation might be highly thermolabile. The ability of strains to produce EPA only at low temperatures when growth rates are low is a disadvantage from a process productivity point of view. The capacity of P. tricornutum to produce maximum biomass and maximum EPA (as a percentage of total fatty acids and per unit dry cell weight) at the same relatively high optimum temperature is extremely advantageous from a processing perspective. A comparison of data for optimal production of EPA by P. tricornutum UTEX 640 and the marine alga Chlorella minutissima, patented for EPA production by Nisshin Oil Mills, Japan, is presented in Table 11 . Much higher biomass concentrations were observed with P. tricornutum, which resulted in an enhanced productivity of 19.0 mg of EPA produced per liter of culture per day.
The various factors noted above as having a positive influence on EPA productivity will now be taken into account in studies aimed at overall optimization culture conditions for EPA production by P. tricornutum UTEX 640. 
